The neuraminidases and haemagglutinins of 20 isolates of swine influenza virus collected between I93o and I967 were compared in neuraminidase-inhibition and haemagglutination-inhibition serological tests. All the isolates were serologically related to a greater or lesser extent in tests with either antigen. The antigenicity of the two antigens varied independently in different isolates. There was a slight, but statistically significant, drift in the antigenicity of both antigens during the period in which the isolates were collected.
INTRODUCTION
Viruses of the influenza virus or myxovirus group (group cryptogram: R/I: 3/1: S/E: V/O, Fenner, I968) are divided into three 'types' by the antigenic composition of the ribonucleoprotein core of their particles. The viruses are further subdivided by the antigenic composition of the envelope of their particles and by the host from which they were isolated. Viruses of types B and C have only been isolated from man and are therefore only characterized serologically. However, type A viruses have been isolated from many different animal species, including pigs, horses, birds and man, and are usually grouped by the host from which they were isolated, even though some of the isolates from quite unrelated hosts are closely related serologically.
The envelope of the particles of each of these viruses contains many molecules of two different virus-specific serologically active proteins, the haemagglutinin and the neuraminidase. Until recently only the haemagglutinins of different isolates were compared in serological tests; usually by measuring the amount by which antisera specifically inhibited the ability of the virus to agglutinate erythrocytes. However, it is also possible to examine the antigenicity of the neuraminidase by inhibiting its enzymic activity with antibody, and Paniker (I968) used both neuraminidase inhibition (NI) tests and haemagglutination inhibition (HI) tests to compare several influenza type A and type B isolates from man.
Influenza A viruses were first isolated from pigs in I93o and from man in I933 and have been propagated in laboratory culture since. The isolates obtained from man since I933 have shown differences in the antigenicity of both the haemagglutinin and the neuraminidase. Most of the isolates obtained at any one time throughout the world are serologically closely related to each other in both these antigens, but differ more or less from isolates obtained in previous years. The changes in antigenicity seem to be of two sorts. At irregular and long intervals strains appear that are antigenically quite distinct from previous strains and (Burnet, 1955) for both neuraminidase and haemagglutinin (Paniker, ~968) . Studies on isolates of influenza A from domestic pigs, collected over the same period, have given no evidence of antigenic drift in the haemagglutinin (the only antigen studied), nor do the isolates fall into distinct subtypes like the isolates from man (Shope, I939; Gompels, I953 ; Jensen & Peterson, 1957 Virus stocks. The viruses were grown in chick embryos. A IO -a dilution of infectious allantoic fluid was inoculated into the allantoic cavity of I I-day embryos kept at 35 °. The allantoic fluid was collected 2 days after inoculation and centrifuged to sediment the virus. The pellet was resuspended and the virus further purified by rate-zonal centrifugation in a Io to 4o% (w/w) sucrose density gradient. Virus preparations were stored at o ° after addition of o.o8% sodium azide.
Antisera. Six-week-old rabbits were immunized by intravenous injection of Io 4 haemagglutinating (HA) units of freshly prepared virus. The animals were bled before, and, to obtain highly specific antibody, 2I days after, injection of the antigen (Webster, I965) . Sera were stored at -I2 ° without preservative.
Haemagglutination inhibition tests. The HI tests described by Fazekas de St Groth & Webster (I966) were used. Before use all sera were heated at 56° for 3o rain. and the concentration of non-specific inhibitors was decreased by trypsin and potassium periodate treatment (Jensen, ~960. Pre-immunization sera were used in control tests in every experiment. Each serum was diluted 1/25, and samples of a series of twofold dilutions of this concentration were tested. The serum dilution at which there was a 5o% agglutination of the chicken erythrocytes was recorded as the HI titre.
Neuraminidase inhibition tests.
In the NI test the neuraminidase activity of purified preparations of the viruses was estimated, and the ability of the homologous and heterologous antisera to inhibit this activity was determined. Fetuin, prepared by the method of Graham (I960, was used as substrate for the virus enzyme. The N-acetyl neuraminic acid (NANA) liberated in the reaction was estimated by the colorimetric method of Warren (I959) which was modified by extracting the coloured product of this test into n-butanol containing 5% concentrated HC1 (Aminoff, 196I ) .
For the NI tests all the virus preparations were diluted to the same enzyme activity; the activity of each virus preparation was estimated under standard conditions, and in all tests a dilution was used that would liberate sufficient NANA to give E~4~ = o'5. Each mixture of virus + antiserum (o'05 ml. of virus dilution + o'05 ml. of I/20 antiserum) was incubated for 3 hr at room temperature and then its remaining neuraminidase activity was estimated. At the same time control mixtures containing pre-immune sera were tested, as serum alone can enhanced neuraminidase activity (Ada, Lind & Laver, 1963) . The activity of the enzyme in each test mixture (virus + antiserum) was expressed as a percentage of the activity found in the virus + pre-immune serum mixture.
Computation of data.
The large number of results obtained in this work was analysed by computer methods. In addition to using programmes to compute correlation coefficients, regression coefficients and standard errors, we used the 'Class' programme of Lance & Williams (1967) to classify the viruses, using the results of NI and HI tests (Tables 2, 3) either separately or together as numerical attributes of the viruses.
RESULTS

Serological tests
In the main serological experiments each of 2o virus isolates was tested in duplicate with each of zo antisera in both HI and NI tests. It was logistically impossible to make each comparison enough times to obtain an estimate of the statistical errors of the results; therefore we estimated errors by testing two sera several times with a few of the virus isolates. Table 3 . The means of these results (Table I) were close to those obtained in the main experiment; the standard deviations of the means in NI tests ranged from 2 to 1o% and in HI tests, where the reactants are titrated as a series of twofold dilutions, from 33 to 42~/o. In each of the principal serological experiments (Tables 2, 3 ) one antiserum was compared in one type of test (HI or NI) against each of the viruses; thus every row in Tables 2 and 3 contains the mean of a duplicated experiment. The results are expressed as percentages of the haemagglutination or neuraminidase inhibition obtained in the homologous test.
Results of haemagglutination-inhibition tests
Results of neuraminidase-inhibition tests
The haemagglutinins and neuraminidases of the different isolates were of similar immunogenicity, as judged by the homologous titres of the antisera. The haemagglutinins of all the isolates, except those from Britain (isolates 6, 7), did not greatly differ serologically. Isolate 6 was unusual in that antibody prepared against it inhibited its own haemagglutinin five to ten times less effectively than the haemagglutinins of all the other isolates, except 3 and 7. By contrast antibody to isolate 7 was very specific and had little effect ion the haemagglutinins of the other isolates. The results of reciprocal tests were not closely icorrelated. The titres in reciprocal tests (Table 2 ) recorded in row l, column 5, and row 5, column I, differed by a Tables  z and 3. ]" Significant correlation coefficient (P< o'oD.
factor of four even though the homologous titres were identical. There was a similar lack of correlation in reciprocal NI tests. The behaviour of most viruses in HI tests was not correlated with their behaviour in NI tests; only isolates 7, 9, I3 and zo gave significant (P< o.oi) positive correlation coefficients between the results in corresponding columns in Tables 2 and 3 (Table 4 ). There were no obvious groups among the isolates, except that the British isolates (6, 7) differed somewhat from the others, all of which were isolated in North America; a difference that was previously reported by Jensen & Peterson (I 957) and Gompels 0953). There was no obvious antigenic drift in the isolates. With isolates arranged in chronological order (Tables a, 3 ) each isolate was no more closely related serologically to isolates collected at about the same time than to isolates collected earlier or later.
Computed classification of the isolates
Superficial examination of the results suggested that there was no grouping of the American isolates. To look for more subtle groupings the results of the HI and NI tests were classified using various computer methods. The results of individual experiments (i.e. one antiserum tested with all antigens) were made comparable by expressing the results of individual antibody + antigen reactions as percentages of the average HI or NI titre of that experiment (' standardized' results); this seemed justified as the between-experiment variation was not known, but seemed to be small. The similarity between every pair of isolates was estimated by calculating a correlation coefficient from the results of their reactions with each of the 2o sera. The correlation coefficients were then sorted by each of two agglomerative hierarchical methods of cluster analysis; one, the group average method of Sokal & Michener (I958), and the other, the flexible sorting method of Lance & Williams 0967).
The two sorting methods gave similar classifications with the same data, but the two classifications of the HI results were mostly different from those of the NI results. Dendrograms were constructed to illustrate the classifications obtained using the flexible sorting technique (Fig. I) . In all classifications isolate 7 was distinct from the others, and in the NI classifications isolate I was distinct. There were no distinct groupings of the isolates, and these classifications confirmed the lack of correlation between the results of HI and NI tests. A classification was also computed by the same method using the results of the two types of serological test combined, so that, in effect, each isolate was compared with every other isolate in 4 o serological tests (2o antisera x 2 types of test). This classification divided the isolates into two major groups containing isolates I, 2, 3, 5, 8, IO, II, I2, I3, I6, ~8 and 20 and isolates 4, 6, 7, 9, ~4, I5, I7 and I9 respectively. However, these groups were uncorrelated with any other characters of the isolates, such as their provenance or year of isolation.
Computations to detect antigenic drift
In Tables 2 and 3 Tables 2 and 3 and illustrated in Fig. 2 
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isolates from pigs showed little if any antigenic drift compared with those from man, though there may have been some drift as shown by a general decrease in titres in the comparisons shown on the left-hand side of Fig. 2a (corresponding to the lower left half of Table 2 ) and the right-hand side of Fig. 2b (corresponding to the upper right half of Table 3 )-To test the significance of the trends the 'standardized' titres of all, except the British isolates and their antisera, were analysed statistically in the following way.
The 'standardized' results corresponding to each row in Tables 2 and 3 (i.e. for each antiserum/serological test combination), were used to calculate regression coefficients between, on the one hand, the amounts by which different isolates were inhibited by the serum and, on the other hand, the years in which the isolates were obtained. The homologous comparison was taken as time zero for each calculation and a regression coefficient was calculated with the results of tests with all later isolates (i.e. to the right in each row in Tables  2, 3 ) and another regression coefficient for tests with earlier isolates (i.e. to the left in each row of Tables 2, 3 )-With the calculations made in this way, negative regression coefficients indicate antigenic drift (Table 5) .
The results for all the individual part-rows on one side of the principal diagonal of each table were combined statistically to show whether there was a statistically significant antigenic drift for that half of that table. The decrease in titres shown in the left half of Fig. 2a and right half of Fig. 2 b was statistically significant. The human isolates (Fig. 2 c; data from Lee (I968)) clearly showed antigenic drift in both halves of the diagram, but that in the right half had a statistical significance of only P = o. 1 o, presumably because of the variability of the results in that half of the diagram.
DISCUSSION
We have compared the swine influenza isolates in both HI and NI tests using unfractionated sera. Thus the value of our results could be doubted as Laver & Kilbourne 0966) have shown that antibody directed against the haemagglutinin will, if present in large amounts, inhibit neuraminidase activity of intact virus particles, and Kilbourne 0968) has shown the converse effect. However, we consider that our tests, in which we used dilute sera, measured the antigenicity of the haemagglutinin and neuraminidase independently, for two reasons: (I) there was no correlation between the results of the HI and NI tests with 16 of the 2o virus isolates; and (2) in one experiment all the antibodies to the haemagglutinin were removed from an antiserum prepared against isolate 4; the antiserum was adsorbed with heated virus, as the enzymic and antigenic activity of the neuraminidase, but not the haemagglutinin, of this particular isolate is readily destroyed by heat. NI tests using this absorbed antiserum gave the same results as tests using the complete antiserum.
Other workers (Shope, ~939; Gompels, I953; Jensen & Peterson, I957) have reported that the haemagglutinins of influenza A viruses from pigs show no antigenic drift; however, we have shown by examining the antigenicity of both haemagglutinin and neuraminidase of a greater number of isolates than previously examined, and by analysing the results in detail, that there is a very slight but significant antigenic drift in both antigens. It is quite obvious, however, that the drift is very much less than that found in isolates of human influenza. One possible explanation for this is that swine influenza is a less mutable virus than human influenza. But it seems unlikely that two such closely related viruses could differ so much in this character. A more reasonable explanation is that this difference reflects a difference in the intensity of natural selection for antigenic novelty of the virus in man and in pigs. In a long-lived animal like man there is intense selection for antigenic novelty, whereas, because of the rapid turnover in the pig population, the swine influenza viruses are usually spreading in a non-immune population. This lack of pressure in favour of antigenic novelty may be the reason why antigenic changes are mostly random. Thus the rate of antigenic drift may not be related to mutability, and the suggestion that human influenza virus shows rapid antigenic drift because it is highly mutable (Burnet, I955) may be wrong.
